Epigenetics, potentially heritable changes in genome function that occur without alterations to DNA sequence, is an important but understudied component of ecotoxicology studies. A wide spectrum of environmental challenge, such as temperature, stress, diet, toxic chemicals, are known to impact on epigenetic regulatory mechanisms. Although the role of epigenetic factors in certain biological processes, such as tumourigenesis, has been heavily investigated, in ecotoxicology field, epigenetics still have attracted little attention. In ecotoxicology, potential role of epigenetics in multi-and transgenerational phenomenon to environmental stressors needs to be unrevealed. Natural variation in the epigenetic profiles of species in responses to environmental stressors, nature of dose-response relationships for epigenetic effects, and how to incorporate this information into ecological risk assessment should also require attentions. In this review, we presented the available information on epigenetics in ecotoxicological context. For this, we have conducted a systemic review on epigenetic profiling in response to environmental stressors, mostly chemical exposure, in model organisms, as well as, in ecotoxicologically relevant wildlife species.
INTRODUCTION
Epigenetics refers to potentially heritable changes in genome function, such as gene activity or silencing, that occur without alterations to DNA sequence [1] [2] [3] . Commonly studied epigenetic mechanisms include chromatin remodeling (DNA methylation and histone modifications) and RNA-mediated modifications (e.g. non-coding RNA and microRNA) [4] . Environmental challenges can have immediate impact on epigenetic regulation in an individual or a population, and can be transmitted through mitotic and meiotic cell divisions and passed on to subsequent generations [3] . While certain epigenetic changes can result in increased risk of development of certain diseases, such as neurological disorders and cancers either immediately or at a later stage in life (adult onset of disease), others can be beneficial leading to plasticity and adaptation [2] . As a wide spectrum of environmental challenges (e.g. temperature, stress, diet, toxins) are known to impact on epigenetic regulatory mechanisms, epigenetics is an important component of ecotoxicology studies, it is however understudied so far.
Although the role of epigenetic factors in certain biological processes, such as tumourigenesis, has been heavily investigated [5] [6] , there are still areas that have either been neglected or have attracted little attention. For example, the impact of variation in the degree of methylation of otherwise identical genes (epialleles) on phenotypic and physiological endpoints in organisms is not yet broadly appreciated, in part because the phenomenon of epigenetics is not typically part of the design of physiological investigations. Furthermore, still enigmatic and somewhat ill-defined is the relationship between the overarching concept of epigenetics and interesting transgenerational phenomena (e.g. 'maternal/parental effects') that alter the physiological phenotype of subsequent generations. The lingering effect on subsequent generations of an initial environmental disturbance in parent animals can be profound, with genes continuing to be variously silenced or expressed without an associated change in gene sequence for many generations. Other areas that require further attention are: how natural variation in the epigenetic profiles of species
CURRENT STATUS OF EPIGENETICS IN ECOTOXICOLOGY
Epigenetics parameters (markers) include DNA methylation, histone modifications (methylation, acetylation, phosphorylation, ubiquitinylation etc.), non-coding RNAs and newest member of this group is epitranscriptome [7] . Epigenetic mechanisms were first described as major agents in development and differentiation, but they appear as key components of the organism's response to environmental changes by modulating gene expression and other genome functions. Many organisms respond to environmental conditions by showing phenotypic plasticity, which means producing different phenotypes from the same genotype [8] [9] . Increasing evidence shows that at least part of this phenotypic plasticity in animals exposed to environmental factors (such as diet, temperature, etc.) is mediated by epigenetics in a wide variety of organisms including vertebrates, insects and plants [10] [11] [12] [13] [14] . Environmental epigenetics investigates the cause-effect relationships between specific environmental factors that trigger adaptive responses in the cell and changes in epigenetic modifications. Given the dynamic and potentially reversible nature of the different types of epigenetic marks, environmental epigenetics constitutes a promising venue for developing fast and sensible biomonitoring programs. Indeed, several epigenetic biomarkers have been successfully developed and applied in traditional model organisms (e.g., human and mouse). Nevertheless, the lack of epigenetic knowledge in other ecologically and environmentally relevant organisms has hampered the application of these tools in a broader range of ecosystems. Fortunately, that scenario is now changing thanks to the growing availability of complete reference genome sequences and the development of high-throughput DNA sequencing and bioinformatics tools.
Toxico-epigenomics is the study of epigenomic changes caused by exposure to toxins/toxicants. Several studies (mostly in humans, primates and rodents) report epigenetic modifications related to exposure to chemicals and their relationship with the appearance of cancer [15] . Moreover, environmental exposures to chemicals can also affect the epigenetic status of ecotoxicologically relevant species of fish, plants and invertebrates [3] . Anthropogenic substances present in the environment have been found to not only chemically modify DNA and/or histones, but also affect (either by stimulation or inhibition) the enzymes activities involved in epigenetic control. A summary of the recent published reports on applications of epigenetics to ecotoxicology studies can be found in Tables  1 and 2 . These studies reinforce the idea that environmental stressors affect epigenetic markers, but the exact mechanisms of action are still unknown and further investigations are required. Environmental epigenetic analyses have extraordinary potential to advance our understanding of cellular and organismal responses to ecological challenges, and could serve as a promising source of rapid and sensitive tools for pollution biomonitoring of ecotoxicity species. The characterization of potentially hazardous substances may create a new field in ecotoxicology, but it would require the development of suitable epigenetic biomarkers both in mammals including humans, in other established model organisms and in environmentally-relevant species. In recent years, epigenetic tools have gained traction in ecotoxicology studies; the availability of genome assemblies for ecotoxicology-relevant species, and the wide conservation of known epigenetic components and mechanisms, will help drive further advances. In this regard, some researchers have already suggested that the "epigenetic foot-print" of an organism could be used as a tool to identify previous exposures to pollutants [16] . However, epigenetic knowledge and applications in ecologically relevant organisms still lags far behind mammalian and other model organisms. Importantly, we currently have a very limited understanding of the impact of environmental challenges on epigenetic mechanisms, subsequent phenotypic effects, and how often they are transmitted across generations. In order to fully achieve the promise of ecotoxicology studies, epigenetic mechanisms, in parallel with genetic mechanisms, should be considered in ecological risk assessments and sensible biomonitoring programs [16] [17] Tables 1 presented the available information on epigenetic profiling in response to environmental chemical exposure in model organisms. Most environmental epigenetic studies were conducted on zebrafish, Danio rerio, followed by water flea, Daphnia magna. Studies on the nematode, Caenorhabditis elegans, and fruit fly, Drosophila melanogaster were also conducted. Most of D. rerio and D. magna studies were on DNA methylation, whereas, most of C. elegans studies were on non-cording RNA and histone modifications. by Nkx2.5 and mediated cardiac functions via its target genes in exposed conditions.
EPIGENETIC PROFILING IN RESPONSE TO ENVIRONMENTAL STRESS IN MODEL ORGANISMS
[21]
Zebrafish

Danio rerio
Depleted uranium (2 and 20 µg/L) for 24 days N/A G lobal DNA methylation-2'-deoxycytosine (dC), 5-methyl-2'-deoxycytosine (5-mdC) and 5-hydroxymethyl-2'-deoxycytosine (5-hmdC) were detected and quantified by means of mass spectrometry (MS) S ex and tissue specific differences in the methylation (hypo) level was evidenced. In males, these effects were present as early as 7 days after exposure while in females, significant effects were observed in the gonads after exposure for 24 days. In males, cytosine hypermethylation in the brain and eyes and hypomethylation in the gonads while in females, hypermethylation in brain, were observed.
[22]
Zebrafish embryos Danio rerio Atrazine (0, 3, or 30 ppb) from 1 to 72 hpf N/A G lobal DNA methylation levels and dnmt expression and DNMTs enzyme activity analysis In hibition in DNMTs activity was observed thorough possible non-competitive MichaelisMenten kinetics. Decrease in global methylation levels and the expression of dnmt4 and dnmt5 genes were also evident. Therefore, the atrazine exposure can decrease the expression and activity of DNMTs, leading to decreased DNA methylation levels.
[23]
Zebrafish Danio rerio 17α-ethinylestradiol N/A G ene specific methylation and mapping of vitellogenin I (pyrosequencing) It was found that the methylation levels of all three CpG sites were higher in male liver than in female one. In brain, females and males showed similar high methylation levels in the analyzed CpG positions. Hypomethylation was found in the 5' flanking region of vitellogenin I in the liver in both females and males. [24] (Continued to the next page)
http://e-eht.org/ 5dpf) A significant increase in global DNA methylation in both the male testes and their offspring larvae was observed. Spermatogenesis was inhibited which was associated decline in capability to fertilize untreated oocytes, decline of circulating testosterone (T) and an increase in the level of 17b-estradiol (E2), both of which were possibly derived from the downregulation of cyp17a1 and hsd17b3 genes and the upregulation of the cyp19a1a gene in the gonads. The DNA methylation statuses of these genes were altered within their promoter regions.
[ (MeHg) embryos were observed and only a limited number of genes were identified with altered methylation levels at their promoter regions.
[32]
Gl obal methylation / hydroxymethylation (HPLC), gene specific methylation and CpG mapping (bisulfite sequencing), profiling of dnmts in different adult tissues (eye, liver, brain etc) T he results demonstrate that dnmt3b genes are highly expressed in early stages of development, and dnmt3a genes are more abundant in later stages. Upregulation of dnmt1 and dnmt3b2 expression, whereas down-regulation of dnmt3a1, 3b1, and 3b4 were evident. No changes were found in global methylation or hydroxymethylation levels, while AHR repressor a (ahrra) and c-fos promoters were differentially methylated.
[33]
Zebrafish embryos Danio rerio N on-embryotoxic concentrations of the biologically active phthalate metabolite mono (2-ethylhexyl) phthalate (30 µM) and the DNA methyltransferase 1 inhibitor 5-azacytidine (10 µM) for 0 to 6 dpf M orphology (length analysis), gene expressions and DNA methylation P 0 (exposed) ad analysis P0, F1, F2 Transgenerational effects D irect, latent and transgenerational effects on DNA methylation were assessed using global (LC/MS), genome wide (reduced representation bisulfite sequencing (RRBS)) and locus-specific (BisPCR2) DNA methylation analyses M ultitude of differentially methylated regions, strongly enriched at conserved non-genic elements were evident from genome-wide analysis. Pathways involved in adipogenesis were enriched with the putative obesogenic compound MEHP. Exposure to 5AC resulted in enrichment of pathways involved in embryonic development and transgenerational effects on larval body length. Locus-specific methylation analysis of 10 differentially methylated sites revealed six of these loci differentially methylated in sperm sampled from adult zebrafish exposed during development to 5AC, including in first and second generation larvae, while with MEHP, consistent changes were found at 2 specific loci in first and second generation. A cute toxicity and range finding for mortality, morphology, body length DNA methylation (MeDIP-seq) It was exhibited that S (+)-fipronil dysregulated a higher level of genomic DNA methylation than R (−)-fipronil. Compared with R-(−)-fipronil, S-(+)-fipronil significantly disrupted 7 signaling pathways (i.e., mitogen-activated protein kinases, tight junctions, focal adhesion, transforming growth factor-β, vascular smooth muscle contraction, and the hedgehog and Wnt signaling pathways) by hypermethylation of developmentally related genes.
[35]
(Continued to the next page) G enome wide DNA methylation (bisulfite seq) S horter body, reduced heartbeats, and dysfunctional movements were observed. Less, loose, and unassembled myofibrils were detected. Genes in myofibrillogenesis and sarcomere formation were found to be down-regulated in treated embryos. Down-regulated calcium (Ca2+) signaling and loci-specific DNA methylation in specific muscle genes, such as bves, shroom1, and arpc1a, were also evident. Together, these might result in the down-regulated expression of myofibrillogenesis genes and muscle dysfunctions in the treated embryos.
[41] N/A G ene specific DNA methylation (hepatic esr1, gonadal cyp19a1a and cyp17a1) (bisulfite sequencing PCR) T he up-regulated expression of gonadal aromatase, mRNA levels of which were found to be negatively related to the methylation levels of both its promoter and one CpG site, were possibly the reason of increased E2 level. Further, hepatic esr1 mRNA levels were also negatively related to the methylation levels of both its promoter and one CpG site.
[43]
Zebrafish Danio rerio 7 , 12-dimethylbenz [a] anthracene induced liver tumor N/A G enome-wide DNA methylation (MeDIP) C omparative analysis found that the significantly hypomethylated genes in tumors were associated particularly with proliferation, glycolysis, transcription, cell cycle, apoptosis, growth and metastasis. While Hypermethylated genes included those associated with anti-angiogenesis and cellular adhesion. Of 49 genes that were altered in expression within tumors, and which also had appropriate CpG islands showed significant changes in both gene expression and methylation. N/A m iRNA profiling (microarrays and qPCR validation) T he GO term analysis revealed that miRNAs significantly affected were involved in hematopoiesis, lymphoid organ development, and immune system development. Among 14 miRNAs that were significantly deregulated, targeted cyp19a1b gene, suggesting the toxicity via the interference with the aromatization process.
[45] Among them, 14 miRNAs were differentially expressed due to the treatments with fipronil, triazophos and their mixture; 5 miRNAs showed altered expression level after treatment with formulations of these chemicals; miR-29b and miR-738 were differentially expressed after treatment with adjuvants. MiRNAs might be used as a toxicological biomarker.
[46] Caenorhabditis elegans (L1 to young adult) Nicotine -P0 (exposed)-F2 (unexposed) microRNAs profiling (qPCR-array) G lobal expression profiles of miRNAs were found to be altered not only in the treated worms PF0 parent generation) but also in two subsequent generations. Target prediction and pathway enrichment analyses showed daf-4, daf-1, fos-1, cmk-1, and unc-30 to be potential effectors of nicotine addiction.
[55]
Caenorhabditis elegans G raphene oxide (1, 10, 100, and 1000 mg/L) from L1 to young adult R eproductive toxicity of GO on gonad development, apoptosis, DNA damage N/A microRNAs profiling It is reported that the miRNA regulation mechanism activated in exposed condition to suppress its induced reproductive toxicity. A mir-360 regulation mechanism was activated by GO to suppress its induced DNA damage-apoptosis signaling cascade through affecting component of CEP-1.
[56]
Caenorhabditis elegans M ulti-walled carbon nanotubes
(1 mg/L) from L1 to young adult R eproductive toxicity, lipid level, N/A microRNAs profiling (RNA-seq) It was reported that possibly the mir-355 regulate MWCNTs toxicity by inhibiting functions of its targeted gene of daf-2, suggesting that mir-355 may regulate functions of the entire insulin signaling pathway by acting as an upregulator of DAF-2 in exposed condition.
[57]
Caenorhabditis elegans Nutrition (high dietary glucose) Reproduction P0-F3 H3K4 (mutant assay) H eritable diminution of progeny from glucose exposure in the parental generation, Transgenerational inheritance of glucose phenotypes requires H3K4me3 components [58] N/A G enome wide DNA methylation patterns (Bisulfite sequencing) T he results exhibited that DNA methylation is modulated by environmental stress. Upon exposure to Microcystis sp., differential methylation patterns were observed primarily in exonic regions. These patterns were found to be enriched at serine/threonine amino acid codons and genes related to protein synthesis, transport and degradation. Moreover, it was found that the genes with differential methylation corresponded well with genes susceptible to alternative splicing in response to Microcystis stress.
[70]
Daphnia magna 5-azacytidine (continuous and mother only exposed)
Body Length F0-F1 G ene specific DNA methylation (Bisulfite sequencing followed qPCR validation) T he results of this study suggests that epigenetic biomarkers have the potential to be used as indicators of past chemical exposure history of organisms. Significant changes in the methylome of target genes were observed in prenatal exposed condition. The continuous (pre-and postnatal) exposures caused the higher reduction in DNA methylation.
[71]
Daphnia magna C hronic γ Irradiation (25-day γ irradiation) (6.5 μGy·h−1 or 41.3 mGy·h−1) S urvival, growth, and reproduction P0 (exposed) followed by F1-F3 (unexposed) W hole genome DNA methylation pattern (Bisulfite Sequencing) R eproduction effects were observed only in P0 while no effect in the subsequent generations F1, F2, and F3. Interestingly, significant methylation changes at specific CpG positions, with a majority of hypomethylation. Were found in every generation. Common methylation changes between F2 and F3 clearly supports the idea of transgenerational inheritance of epigenetic modifications.
[72] ly, it was also all these acquired traits were transmitted to next progenies (3 successive generations). Most importantly, the transgenerational inheritance of the acquired phenotypes was found to be associated with significantly altered levels of global DNA methylation and acetylated histones H3 and H4.
[73]
Brine shrimp Artemia francis cana N on-lethal heat-shock treatment (30 min exposure to 37˚C) followed by a recovery period of 6 h at 28˚C. After recovery animals were exposed to either Cadmium and western blot analysis) and Genome-wide DNA methylation analysis (Methylation Sensitive Amplified Polymorphism (MSAP) protocol) T he histone variants, H2A.X, H2A.Z and macroH2A genes potentially involved in the maintenance of genome integrity during responses to the genotoxicity. An increase in H2A.X phosphorylation (γH2A.X, a marker of DNA damage) and a decrease in global DNA methylation were observed as the HAB simulation progressed.
[76]
Crassotrea giga D iuron herbicide: At the start and the mid-course of gametogenesis, the oysters were exposed during two 7-day periods to pulses of diuron,(0.2 and 0.3 mg/l) respectively, and of 0.005% (50 ml/l) acetonitrile for the SC group R elated gene expression (qPCR) for validation of DNA methylation results N/A D NA methylation pattern (whole genome bisulfite sequencing (WGBS, BSSeq)) It is demonstrated that parental diuron exposure has an impact on the DNA methylation pattern of its progeny. Conserved DNA methylation patterns in response to parental diuron exposure was observed, nonetheless, the the DNA methylation profile varied between individuals. This study suggest for new markers based on epimutations as early indicators of marine pollutions.
[77]
Crassostrea gigas E mbryos were exposed to 4 nominal copper concentrations (0. Impairment for some homeobox and DNA methylation genes (Notochord, HOXA1, HOX2 , Lox5, DNMT3b and CXXC-1) was observed. In case global DNA methylation, no change in 5mc marker while significant changes (reduction) in 5-hmc marker were observed. This study suggests that the copper exposure cause embryotoxicity in oysters through homeotic gene expression impairment possibly by changing DNA methylation levels.
[78]
S ea Cucumber Apostichopus japonicas (collected from the coast of Weihai, China) H ypoxia (analysis at different DO level) N/A miRNA profiling (RNA-seq) A total of 26 differentially expressed miRNAs (12 upregulated and 14 downregulated) were found in severe hypoxia compared with mild and normoxic conditions. Moreover, gene ontology and pathway analyses of putative target genes suggest that these miRNAs are important in redox, transport, transcription, and hydrolysis under hypoxia stress. Notably, novel-miR-1, novel-miR-2, and novel-miR-3 were specifically clustered and upregulated in severe hypoxia.
[ 79] http://e-eht.org/ A ntioxidant enzyme activities, dropped spines, and lowered down the motor ability and feeding ability N/A G enome wide DNA methylation (MSAP method) In gonad, the DNA methylation polymorphism, methylation/ demethylation rate increased following the prolonged exposure time followed by decreased (after the depuration period). The demethylation rates were lower than the corresponding methylation rates, therefore methylation events were dominant during the whole experimental period. This study suggest that sea urchin have possibly possess strong selfprotection mechanisms against PFOS exposure. In silico annotation and prediction (transcriptome analysis of CpG O/ E, an estimate of germline DNA methylation that is highly correlated with patterns of methylation enrichment). It was found that the genes differentially expressed in response to thermal stress and ocean acidification exhibited significantly lower levels of methylation, in three of the coral species. These results support a link between gene body hypomethylation and transcriptional plasticity which showed a potential pivotal role of DNA methylation in the response of corals to environmental change.
[81]
Chironomus riparius B isphenol A (3 mg/L), cadmium chloride (10 mM) and Benzyl butyl phthalate (1 mg/L) for 24 h I mmunocytochemistry of salivary glands, qRT-PCR N/A L ong non-coding sequences were studied: telomeric repeats, Clarepetitive elements and the SINE CTRT1(RT-PCR) U pregulation of telomeric transcripts was found after BPA treatments. Cadmium and BPA both exposure caused significant activation of Cla transcription. Transcription of SINE CTRT1 was not altered by any of the chemicals tested.
[82]
Chironomus riparius Bisphenol A (1mg/L) B asic ecotoxicity (development and reproduction) assays, DNA damage (comet assay), and global metabolomics (NMR based) approaches.
G lobal DNA and histone methylations T he reproduction failure, increase in DNA damage, global DNA hyper-methylation, and increased global histone modification (H3K36) status were evident. A potential cross-talk was proposed between altered epigenetics and metabolites, such as, increase in methionine and o-phosphocholine metabolites corresponds with the phenomena of global hyper-methylation in DNA and H3K36 mark.
[83]
A sian tiger mosquito Aedes albopictus (Larva of P0 were exposed) P hytoestrogen genistein (5 mg/L), fungicide vinclozolin (3 mg/L) Morality Four generations (P0-F3) in a full life-cycle design with P0 exposed and F1-F3 is non-exposed generations G lobal DNA methylation (5mc-HPLC/MS) E xposure to the parental generation led to an alteration of the global DNA methylation level of the exposed individuals and their subsequent progenies.
[84]
Anguilla anguilla F ish were sampled in two locations presenting a low or a high contamination level.
G ene expressions (qPCR); Histology of gonad; pollutants analysis of the sampling site water N/A G ene-specific DNA methylation of aro, fshr and 11β-hsd genes (McrBCdigestion followed by qPCR) T he DNA methylation levels of the genes encoding for the aromatase and the receptor of the follicle stimulating hormone were higher in contaminated fish and positive correlation was found between hypermethylation genes and decreased transcription level.
[85]
A tlantic killifish or mummichog
Fundulus heteroclitus
In habiting a creosote-contaminated Superfund site on the Elizabeth River (VA, USA)
F0 & F1
(F0 is caught from superfund site and reared at lab to F1) C pG analysis of CYP1A promoter region (bisulfite sequencing ) C ytosine methylation was not detectable at any of the 34 CpG sites examined, including 3 that are part of putative xenobiotic response elements.
[86]
A tlantic killifish (bisulfite conversion-followed by qPCR) N o significant differences in methylation profiles were observed in either AHR1 or AHR2 promoter regions between NBH and reference site fish.
[ 87] http://e-eht.org/
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Nivedita Chatterjee, et al. | Epigenetics in ecotoxicology A dynamic change in DNA methylation in the promoter of the myocyte enhancer factor 2C (mef2c) gene, a candidate regulator of metabolism in skeletal muscle, were also reported.
[91]
T μg/g egg injected) for 18 days; female yellow perch were fed pellets containing nominal MeHgCl concentrations of 0, 0.5, 5, and 50
μg/g and were fed twice daily for a period of 4 weeks.
N/A G lobal DNA methylation (KUMA) and DNMT1 activity assay (ELISA) S ignificant reductions in global DNA methylation and reduced DNMT activity was observed in mink. In chicken or yellow perch, no statistically significant effects of MeHg were observed. The variability in results across species may suggest inter-taxa differences in epigenetic responses to MeHg, or may be related to differences among the exposure scenarios.
[94]
W ild guinea pig males Cavia aperea A n increased ambient temperature (30˚C) for 2 months (i.e. the duration of spermatogenesis) P0 (exposed) father (liver as the main thermoregulatory organ) and F1 sons (liver and testes)
G enome wide methylation analysis (bisulfite conversion) D ifferentially methylated regions (DMR) between P0 livers and F1 (sons) livers and testes were found to be shared which indicated a general response with ecological relevance. Thus, paternal exposure to a temporally limited increased ambient temperature led to an 'immediate' and 'heritable' epigenetic response that may even be transmitted to the F2 generation.
[95]
A merican alligator Alligator mississippiensis A nimals were selected at random from sites known to have either low, moderate, or high concentrations of mercury in the upper trophic levels (from 6 sites across Florida's north-south axis)
T race element analysis N/A G lobal DNA methylation (5mc by LC/MS; extracted blood DNA used) A relationship between Hg exposure and DNA hypomethylation was observed. Findings suggest that global DNA methylation levels are associated with mercury exposure.
[96]
A tlantic salmon Salmo salar A cidic Alluminium rich water by addition of 100 µg/ L. The Al-solution added was a mixture of Al2 (SO4)3 and H2SO4. The water. pH also decreased, i.e. from 7.87 in the control water to an average pH of 5.60 in the Al-enriched tank G lobal miRNA profiling (RNA-seq) in muscle A total of 18 miRNAs (4 down-regulated and 14 up-regulated) were significantly differentially expressed (FDR < 0.1) and 224 unique miRNAs were identified. N/A G lobal DNA methylation (5mc) (HPLC-DAD) Direct correlation was observed between soil and tissue for As, Se, Sb, Zn, Cu, Mn, Ag, Co, Hg, Pb (p<0.05).
In verse correlation was observed between the percentage of methylated DNA cytosines and total tissue As, As+Hg, As+Hg+Se+Sb, as well as inorganic As+Hg.
[98]
Marine polychaete Spiophanes tcherniai, S ediment collected by SCUBA at the Intake Jetty off of McMurdo Station, Antarctica C ultured adult worms at two temperatures, -1.5˚C (ambient control) and +4˚C (warm treatment), for 4 weeks P hysiological measurement (respiration, citrate synthase) N/A G lobal DNA methylation (sequencing and CpG mapping-MSAP) 1 20,000 CpG sites in assembled contigs from both treatments were recovered and out of that 28,000
CpG sites were aligned as common between the two sample groups. In comparing these aligned CpG sites between treatments, only 3000 (11%) evidenced a change in methylation state, and >85% of changes involved a gain of a 5mc group on a CpG site (net increase in methyation).
[99]
Pacific oyster Crassostrea gigas T hermal stress at different temperatures (18˚C, 25˚C and 32˚C) Sample collection: 6 and 24 hpf N/A G lobal Hisotne methylation (H3K4, H3K9, H3K27) (ELISA) and related enzyme gene (JHDMs) expressions (qPCR) W hen compared to the 25˚C group, at 18˚C H3K4, H3K9 and H3K27 residues were hypomethylated at 6 hpf and hypermethylated at 24 hpf. Conversely, at 32˚C, 6 hpf animals present a hypermethylation of all examined residues. The mRNA expression of the nine oyster JHDMs, showed gene-and stage-specific temperature sensitivities through-out the early life. The results also indicate that temperature influences histone methylation [100] (Continued to the next page) Strong linear correlations were identified between SAM to SAH ratio and the hepatic genome-wide 5-mc content of the DNA, while no correlation was found with DNMT1 expression. This study proposed that the organotins hypomethylation induced in the marine fish livers was due to altering the balance of the substrate and the product in transmethylation reactions. The levels of glutathione (GSH), and enzyme levels for GSH synthesis (ELISA & qPCR) in the testes N/A T he levels of (5mC & 5hmC) (ELISA) enzyme levels for DNA methylation (ELISA & qPCR) R eduction of GSH level, TETs enzyme level, 5hmC levels (all treatments while significant increase of 5mC (225 µg/L) were evident. The results indicated that BPA exposure inhibited TETs mediated DNA demethylation and the declined DNA demethylation may result in DNA hypermethylation.
[103], [104] T hree-spine stickleback (Gasterosteus aculeatus) H exabromocyclododecane, 17-β oestradiol (E2), 5-aza 2' deoxycytidine N/A G lobal DNA methylation (HPLC) N o significant differences in global DNA methylation were found in exposed liver of female fish. The methylation inhibitor, 5AdC, significantly lowered hepatic global methylation levels by 14% (Pb0.05). The E2 at 100 ng/L also decreased global DNA methylation levels in female liver (without statistical significance). In contrast, both E2 and 5AdC caused statistically significant (p<0.001 and P<0.01 respectively) global genomic hypermethylation in the male gonads.
[105]
Dab flatfish Limanda limanda C aptured from sampling sites in Irish Sea and Bristol Channel
Assessed for external diseases, sacrificed and livers were visually assessed for the presence of macroscopic lesions (nodules) followed by histopathology (hepatocellular adenoma tumors) N/A G enome-wide DNA methylation (MeDIP-seq) S ignificant reduction of global methylation was observed in hepatocellular adenoma and non-cancerous surrounding tissues. Alteration of genes involved in pathways related to cancer, including apoptosis, wnt/ β-catenin signaling and genomic and nongenomic estrogen responses, were evidenced both in methylation and transcription.
[106]
Bluegill sunfish Lepomis macrochirus Tables 2 presented the available information on epigenetic profiling in response to environmental chemical exposure in wildlife species, which are mostly ecological and ecotoxicological relevant non-model organisms. Most of studies using wildlife species were on DNA methylation.
EPIGENETIC PROFILING IN RESPONSE TO ENVIRONMENTAL STRESS IN WILDLIFE SPECIES
FUTURE DIRECTION: EPIGENETICS IN ECOLOGICAL RISK ASSESSMENT
Various environmental factors, including chemical exposure, can modulate epigenome, the regulator of gene expressions, of several species, including model (Table 1 ) and non-model field organisms ( Table 2) . Some of the studies reported transgenerational inheritance of the exposure, i.e., epigenetic changes continued in non-exposed progeny. Real efforts are in progress to identify specific epigenetic marks which could provide 'signature of xenobiotic exposure' and linking epigenetic effects with toxicant induced altered phenotypes such as adverse outcomes, increased stress resistance, etc. Nonetheless, huge knowledge gap and challenges need to be overcome to integrate or organize toxicoepigeneics data in adverse outcome pathway (AOP) framework and/or risk assessment processes [7, [108] [109] .
